Recently, the Belle Collaboration has updated the analysis of the cross sections for the processes e + e − → Υ(nS) π + π − ; nS = 1S, 2S, 3S in the e + e − center-of-mass energy range from 10.52 to 11.02 GeV, taken at the KEKB asymmetric e + e − -collider. A new structure, called here Y b (10750), with the mass M (Y b ) = (10752.7 ± 5.9 +0.7 −1.1 ) MeV and the Breit-
Introduction:
Recently, Belle has reported an updated measurement of the cross sections for e + e − → Υ(nS) π + π − ; nS = 1S, 2S, 3S in the e + e − center-ofmass energy range from 10.52 to 11.02 GeV, taken at the KEKB asymmetric e + e − -collider. They observe a new structure, Y b (10750), in addition to the Υ(10860)and Υ(11020)-resonances, having the masses and Breit-Wigner decay widths shown in Table I [1] . The measured ranges of the product Γ ee × B (in eV) for the three final states are also shown in Table I . The global significance of the new structure is 5.2σ. We also recall that in high statistics energy scans for the ratios R Υ π + π − ≡ σ(e + e − → (Υ(1S), Υ(2S), Υ(3S)) π + π − )/σ(e + e − → µ + µ − ) and R bb ≡ σ(e + e − → bb)/σ(e + e − → µ + µ − ), Belle had found no new structures in their 2016 analysis [2] . In the same analysis, a 90% C.L. upper limit of 9 eV was set on Γ ee in search of a structure around 10.9 GeV in R bb [2] . The electronic width of the three resonances have been recently determined, based on a new fit to the Babar and Belle data [3] , which gives Γ ee (Y b ) = 13.7 ± 1.8 eV.
(1)
In this Letter, we interpret Y b (10750) as a J P C = 1 −− tetraquark candidate, whose dominant component Y 0 b consists of a colored diquark-antidiquark pair [bq]3 c [bq] 3c , bound in the SU (3) antitriplet-triplet representation [4, 5] 1 . However, it has a small bb component due to the mixing via gluonic exchanges in the 't Hooft diagrams. This implies that Υ(10860) and Υ(11020), which are dominantly radial bb excitations, Υ(5S) and Υ(6S), respectively, also have a small diquark-antidiquark component Y 0 b in their Fock space. Due to the proximity of the mass eigenstates Y b (10750) and Υ(10860), we consider that the mixing is dominantly between Y 0 b and Υ(5S). This also provides a plausible interpretation of some anomalous features measured in the decays of the Υ(10860). 2 We argue that the production mechanism of 
is induced by non-planar diagrams [11] , allowing the direct production of Y b (10750) in high energy collisions. Using this, Drell-Yan [12] and prompt production cross sections [13] for Y b (10750) are presented for the LHC. We estimate the
In contrast to the decays of Υ(10860) and Υ(11020), whose dipionic transitions (Υ(1S), Υ(2S), Υ(3S)) π + π − are dominated by the resonant Z ± b (10650) and
10610) π ∓ has a strong phase-space suppression. Thus, Y b (10750) decays are anticipated to reflect their dominant non-resonant component. In addition, the decays Y b → (Υ(1S), Υ(2S), Υ(3S)) π + π − , being Zweig-allowed, are anticipated to have decay widths characteristic of strong interaction. Dalitz analysis in the decay Y b → Υ(1S) π + π − will show a band structure in the m π + π − invariant mass, revealing clear evidence of two scalars, f 0 (500) and f 0 (980), and the tensor J P C = 2 ++ meson, f 2 (1270) [15] . This feature of the dipion mass spectrum, schematically shown in Fig. 2 , was already worked out for the decays Y b (10890) → (Υ(1S), Υ(2S), Υ(3S)) π + π − [7, 8] , but in view of the resonant (Z ± (10610) and Z ± (10650)) contribution, the direct tetraquark component was not easy to discern in the data. In other two decays Y b → (Υ(2S), Υ(3S)) π + π − , only the broad f 0 (500)-meson is present. With higher statistics data anticipated with the Belle-II detector, this distribution, as well as other properties of Y b (10750), will be well measured, allowing us to discriminate the tetraquark picture from other competing mechanisms, such as a D-wave interpretation of Y b (10750), with a large S − D mixing [16] .
Tetraquark-QQ Mixing in Large-N c Approach: As shown in [11] , a mixing between a bottomonium and hidden-beauty tetraquark is induced by non-planar diagrams. Fig. 1(a) gives the lowest order in which a tetraquark pole may arise from a pure bb state and Fig. 1(b) represents the topological structure of the non- perturbative realization of this process to order 1/N 2 c . In brief, exchanging a gluon between the two quark loops in Fig. 1 (a) produces the interaction by which a genuine tetraquark pole may form in the intermediate state. Fig. 1(b) displays the non-perturbative version of Fig. 1(a) . Non-planar exchanges between the two fermion loops mean topologically one handle in the language introduced by 't Hooft for the large-N c expansion [17, 18] and produce a mixing coefficient f of order 3
Mixing formalism: Following [7, 8] , we define the tetraquark states Y I b in the isospin basis, with the two
√ 2 for isospin I = 0 and I = 1, respectively. We ignore the mass difference due to the isospin breaking, but for the production processes isospin quantum numbers of e + e − → Y I b are important. Since the production is via the bb-component, which is an isosinglet, we consider only
MeV, we only consider the mixing between Υ(10860) and Y b (10750), though it can be generalized to the case of all three states.
Mass eigenstates are rotated from the eigenstates in the quark flavor space, with the latter defined as Υ(5S) and Y 0 b , respectively.
whereθ is a mixing angle, estimated below phenomenologically. This mixing relates
where κ encodes the relative size of the (dominantly) tetraquark state Y b (10750) and Υ(10860), the dominant Υ(5S) state, which can be taken as the ratio of the square of their radial wave-functions at the origin:
Recalling that Γ ee [Υ(10860)] = (310 ± 70) eV [15] , and the recent value given in (1), we find tan 2θ κ = 0.044 ± 0.012.
Besides the mixing coefficient (2), there should be no large factors to suppress the transition Y b ↔ Υ(5S). In particular, we may assume the probability of finding b andb at the same point to be smaller for the tetraquark than for Υ(5S) but of the same order. 4 Assuming κ 1/2, leads to tanθ = 0.30 ± 0.04 andθ = (16.7 ± 2.1) • .
Hadroproduction and Drell-Yan cross sections for pp → Y b (10750) → Υ(nS) π + π − at the LHC: In [13] , the hadroproduction cross sections for Υ(5S) and Υ(6S) in pp(p) collisions were calculated at the Tevatron and LHC, using the NRQCD framework [20] which adopts a factorization ansatz to separate the short-and long-distance effects. This was supplemented by the subsequent decays into Υ(1S, 2S, 3S) π + π − . We use this framework to calculate the hadroproduction cross sec-
10750) can be scaled from the ones for Υ(5S), as in the mixing mechanism presented here, the production takes place via the bb-component in the Y b (10750) Fock space, which is determined by the mixing angle, derived in the previous section. This results in the following relation:
where the r.h.s. of the above equation is measured by Belle [1] , and
Here, i and j denote a generic parton inside a proton, f a (x 1 ) and f b (x 2 ) are the parton distribution functions (PDFs), for which the CTEQ6 PDFs [21] has been used in [13] , O[N ] are the long-distance matrix elements (LDMEs), N denotes all the quantum numbers of the bb pair, which is labelled in the form 2S+1 L c J (color c, spin S, orbital angular momentum L, and total angular momentum J), andσ is a partonic cross section. The leading-order partonic processes for the S-wave configurations are:
The Summing over the partonic processes shown above, and using the branching ratios from the PDG, yields the cross sections σ(pp → Υ(5S) → (Υ(nS) → µ + µ − ) π + π − ), where n = 1, 2, 3 [13] .
The corresponding cross sections for the processes pp → Y b (10750) → (Υ(nS) → µ + µ − ) π + π − are obtained by using the scaling relation given in Eq. (7) . For the LHC at √ s = 14 TeV, cross sections are given in Table II for the indicated ranges of p T (Y b ) and rapidity |y|, separately for ATLAS and CMS and for LHCb. Theoretical uncertainties in these cross sections are almost a factor 10, dominated by the uncertainties on CO-LDMEs, as well as on the ratio on the r.h.s. in Eq. (7) . To estimate the expected number of events, we use 1 pb for the cross section, which lies in the middle of the indicated ranges, yielding O(10 4 ) signal events at the LHCb, and an order of magnitude larger for the other two experiments, ATLAS and CMS. The discovery channel (µ + µ − ) π + π − , with the µ + µ − mass constrained by the Υ(nS) (nS = 1S, 2S, 3S) masses, involves a pair of charged pions. Thus, the background is a stumbling block, but hopefully this can be overcome, with the additional constraint of the Y b (10750) mass.
The Drell-Yan production cross sections and differential distributions in the transverse momentum and rapidity of the J P C = 1 −− exotic hadrons φ(2170), X(4260) and Y b (10890) at the hadron colliders LHC and Tevatron have been calculated in [12] . We update these calculations for the production of Y b (10750) at the LHC for √ s = 14 TeV, and present results for pp → Y b (10750) → (Υ(nS) → µ + µ − ) π + π − taking into account the current mass of Y b (10750) and the measured quantity Γ ee × B, whose ranges are measured by Belle [1] and given in Table I. In deriving the distributions and cross sections, we have included the order α s QCD corrections, resummed the large logarithms in the small transverse momentum region in the impact-parameter formalism, and have used two sets of parton distributin functions: MSTW (Martin-Stirling-Thorne-Watt) PDFs [22] and CTEQ10 [23] ; the details can be seen in [12] . Numerical results for the cross section are given in Table II , where the p T and rapidity |y| ranges for the ATLAS and CMS, and for the LHCb, are indicated. These cross sections yield O(300) events for the current ATLAS/CMS luminosity (140 fb −1 ), and O(10) events for the LHCb (9 fb −1 ), but could be higher by a factor 2. The Drell-Yan cross sections are theoretically more accurate, but suffer from the small rates compared to the hadroproduction cross sections at the LHC.
Dipion invariant mass spectra and angular distributions in Y b → Υ(nS) π + π − : The decay amplitudes have been calculated in [8] as a sum of the Breit-Wigner resonances and non-resonating continuum contributions, with the latter adopted from [24] . The differential cross section is then written as [8] :
where λ(x, y, z) ≡ (x − y − z) 2 − 4yz, q 0 and p 0 are the energies of the Y b -and Υ(1S)-mesons in the P P rest frame, respectively, Γ Y b is the decay width of Y b , and m Y b , m Υ , m P and m P are the masses of Y b , Υ(1S), P and P , respectively.
The S-wave amplitude for the P P system, S, and the D-wave amplitudes, D, D and D , are the sums over
where Y b is a tetraquark state. Here, f0(i) represents the tetraquark scalars σ = f0(500) and f0(980) [7] . possible isospin states:
where I = 0 for π + π − , I = 0, 1 for K + K − , and I = 1 for ηπ 0 . Details are given in [8] .
We concentrate on the process Y b (10750) → Υ(1S) π + π − , in which the σ = f 0 (500), f 0 (980), and f 2 (1270) resonances contribute. The I = 0 amplitudes are given by the combinations of the resonance amplitudes, M S 0 and M f2 0 , and the non-resonating continuum amplitudes, M 1C 0 and M 2C 0 :
where S runs over possible I = 0 scalar resonances, and |k| is the magnitude of the π + -meson three momentum in the π + π − rest frame. The m π + π − and cos θ distributions for e + e − → Y b → Υ(1S) π + π − , normalized by the measured cross section σ Belle Υ(1S) π + π − = (1.61 ± 0.16) pb of the older Belle data [9] were fitted in [8] , which determined various coupling constants. Since these distributions are not available for the new Belle data [1] , we show in Fig. 3 only the resonant contributions, using the relevant input parameters from [8] . This illustrates the anticipated spectral shapes, which will be modified in detail as the non-resonant contribution is included. The fit can only be undertaken as the experimental measurements become available.
The products Γ ee × B are measured by Belle, and we take Γ ee [Y b (10750)] from (1) . The corresponding ranges are (0.9 − 3.4)% for B Υ(1S)π + π − , (3.9 − 8.9)% for B Υ(2S)π + π − , and (1.5 − 1.9)% for B Υ(3S)π + π − . They are in a reasonable range for the Zweig-allowed decays Summary: We have presented a tetraquark-based interpretation of the Belle data on the new structure Y b (10750) in e + e − annihilation, invoking a tetraquarkbb mixing mechanism in the large-N c limit. The bbcomponent is used to predict the hadroproduction and TABLE II. Total cross sections (in pb) for the processes pp → Y b (10750) → (Υ(nS) → µ + µ − ) π + π − (n = 1, 2, 3) at the LHC ( √ s = 14 TeV), assuming the transverse momentum range 3 GeV < pT < 50 GeV. The rapidity range |y| < 2.5 is used for ATLAS and CMS, and the rapidity range 2.0 < y < 4.5 is used for the LHCb. The error estimates in the QCD production are from the variation of the central values of the CO-LDMEs and the various decay branching ratios, as discussed in Ref. [13] . Contributions from Υ(1S, 2S, 3S) are added together in the Drell-Yan production mechanism as in Ref. [12] .
QCD (gg)
Drell cos θ (lower plot) distributions for e + e − → Y b (10750) → Υ(1S)π + π − are shown using the coupling constants obtained in [8] (green histogram). The contributions from f 0 (500) and f 0 (980) (left red curve) and f 2 (1270) (right black curve) are indicated in the upper plot.
Drell-Yan cross sections at the LHC. A crucial test of our model is in the m π + π − and cos θ distributions, whose resonant contribution is worked out, which is not expected in other dynamical schemes, such as Y b (10750) interpreted as a D-wave bb state, with a very large D − S mixing [16] . The tetraquark-QQ mixing scheme suggested here has wider implications.
